Background. Transcriptionally silent human immunodeficiency virus type 1 (HIV-1) DNA persists in resting memory CD4 + T cells despite antiretroviral therapy. In a primary cell model, the antialcoholism drug disulfiram has been shown to induce HIV-1 transcription in latently infected resting memory CD4 + T cells at concentrations achieved in vivo.
persist in long-lived resting memory CD4 + T cells [3] [4] [5] [6] [7] . The stability of this latent reservoir is the major barrier to eradication of HIV-1 [4, 7, 8] , requiring patients to remain on ART indefinitely. Given the concern for adverse effects of ART, as well as the financial burden of treatment and need for adherence, strategies to eliminate the latent reservoir have become an urgent research priority. One eradication strategy that has attracted significant attention involves targeting the latent reservoir through the use of drugs that reverse latency without inducing global T-cell activation [9, 10] . This strategy is based on the hypothesis that cells in which latency has been reversed will be targeted by cytolytic CD8 + T cells or will die by viral cytopathic effects [11] . Previous attempts to target latently infected cells by inducing global T-cell activation have proven too toxic for use in humans [12] [13] [14] . Subsequent research has focused on identifying compounds that will induce HIV-1 gene expression in latently infected resting CD4 + T cells without activating the cell itself [15] . To this end, several in vitro models have been described that appear to recapitulate the phenotype of HIV-1 latency in resting CD4 + T cells [16] [17] [18] . We have described one such model that makes use of Bcl-2-transduced primary CD4 + T cells [16] and performed a high-throughput screen to identify compounds that induce viral gene expression without triggering cellular activation [19] . One hit from this screen was disulfiram, a US Food and Drug Administration (FDA)-approved drug used to treat alcoholism [20] . Disulfiram (bis [diethylthiocarbamoyl] disulphide) inhibits aldehyde dehydrogenase, resulting in an increased concentration of acetaldehyde when alcohol is consumed [21] . This leads to an unpleasant systemic reaction that serves as a deterrent to alcohol consumption [22, 23] . Disulfiram has been in clinical use for several decades [24] and has a well-characterized safety profile [25, 26] . The molecular mechanism of in vitro disulfiram-induced HIV-1 latency reactivation is unclear. Disulfiram undergoes a complex metabolism [26] with the downstream metabolite N, N-diethylthiolcarbamate sulfoxide (DETC-MeSO) primarily responsible for aldehyde dehydrogenase inhibition and resultant clinical effect [27] . In contrast, reactivation of latent HIV-1 in vitro occurs only with the parent compound and first metabolite, diethyldithiocarbamic acid (DDTC) [19] . Subsequent metabolites, including diethyldithiocarbamate methyl ester (DDTC-Me), induce no appreciable HIV-1 reactivation [19] . A recent report found that intracellular depletion of the phosphate and tensin homolog (PTEN) protein by disulfiram led to upregulation of the Akt signaling pathway, resulting in HIV-1 gene transcription in the U1 HIV-1-infected monocyte cell line [28] . This potential molecular mechanism of disulfiram activity is under further investigation.
We describe a pilot trial in which we administered 500 mg of disulfiram daily for 14 days to HIV-1-infected patients who had suppression of viremia on ART to determine whether this compound could reactivate latent HIV-1 from resting memory CD4 + T cells. This FDA-approved dose was selected to achieve in vivo concentrations of disulfiram and its metabolites comparable to concentrations that resulted in latency reversal activity in vitro [19] . The safety of higher doses is unknown. We hypothesized that disulfiram treatment would be safe and would result in a transient increase in residual viremia due to virus release from latently infected resting CD4 + T cells and a measureable decline in the size of the latent reservoir.
METHODS

Participants
We conducted an open-label, single-arm, pilot clinical trial at Johns Hopkins Hospital (JHH) and the University of California, San Francisco (UCSF). Inclusion criteria included age >18 years, use of a Department of Health and Human Servicesrecommended ART regimen continuously for a minimum of 18 months, >90% adherence as determined by self-report, maintenance of undetectable plasma viral load using standard commercial assays (<50 copies RNA/mL) for the previous 12 months, and a CD4 + T-cell count >200 cells/µL for 24 weeks prior to enrollment. Participants had to agree to abstain from alcohol during the 2-week period of disulfiram administration and the subsequent 2 weeks. Exclusion criteria included the presence of an alcohol use disorder; use of any drug formulation containing alcohol or medications involved in clinically important drug interactions with disulfiram; serious illness requiring hospitalization in the 3 months prior to enrollment; severe myocardial or coronary artery disease; history of psychosis, peripheral neuropathy, seizure disorder or hypothyroidism; evidence of clinically active hepatitis with aspartate aminotransferase (AST) or alanine transaminase (ALT) serum concentrations >3 times the upper limit of normal; treatment with immunomodulatory drugs in the previous 16 weeks; pregnancy or breastfeeding; and allergy to rubber or thiuram derivatives. The protocol was approved by the institutional review boards of both institutions participating in the trial.
Study Design
Potential participants underwent an initial screening visit followed by 2-3 pretreatment visits after enrollment, during which blood was obtained for baseline measurement of residual viremia using a highly sensitive quantitative real-time reverse transcriptase polymerase chain reaction assay (the single-copy assay [SCA]) as previously described [29] . Safety laboratory tests including chemistry and liver function profiles and complete blood counts were obtained weekly during disulfiram administration and at every visit before and after the disulfiram administration period. At day -14, a large peripheral blood sample (180 mL) was obtained to measure the frequency of latently infected resting memory CD4 + T cells using a previously described quantitative viral outgrowth assay [30] . Beginning on day 0, subjects received a directly observed oral dose of 500 mg of disulfiram. Disulfiram was administered daily for 14 days under direct observation on weekdays and by participant administration on weekends. Participants were evaluated at every visit for potential adverse events using a standardized questionnaire and a detailed face-to-face interview with a study investigator. All antiretroviral medications were continued throughout the trial, with medication adherence determined by self-report. Beginning at day 0, residual viremia was measured every 2 days (Monday, Wednesday, and Friday) for 3 weeks using the SCA. SCA was performed at every subsequent study visit for an additional 9 weeks. Plasma samples were also used to quantify disulfiram concentrations. A second 180-mL blood sample was obtained at week 12 for a posttreatment measurement of replication-competent HIV-1 in resting memory CD4
+ T cells ( Figure 1 ).
Disulfiram Mass Spectrometry
An ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) assay was developed to measure disulfiram concentrations in plasma. The UPLC-MS system consisted of a Dionex Ultimate 3000 UPLC system coupled to a TSQ Vantage Triple Stage Quadrupole mass spectrometer (Thermo Fisher Scientific). A deuterated analogue (d20-disulfiram; deuterated at 20 positions on the molecule) was used as the internal standard. The analytes were extracted via protein precipitation and were chromatographically separated on a Phenomenex Kinetex column (phase C18; diameter, 2.1 mm × 50 mm; particle size, 1.7 µm; pore size, 100A°) using mobile phases consisting of (1) water, 0.1% formic acid and (2) acetonitrile, 0.1% formic acid delivered at a flow rate of 400 µL/minute. The resolved analytes were detected by mass spectrometry in selected reaction monitoring mode under negative electrospray ionization using the following transitions: disulfiram m/z 297.2/116.1 and d20-disulfiram m/z 317.2/126.1. The assay was linear from 15 ng/mL to 6400 ng/mL of disulfiram with an r 2 of 0.996 (SD 0.001). Interday and intraday precision ranged from 1.8% to 6.3% and 1.2% to 5.8%, respectively, whereas the accuracies were 95.4% to 104%, and 93.6% to 105%, respectively.
Biostatistical Analysis
Maximum likelihood estimation of rates of latently infected resting CD4 + T cells was carried out using the NLMIXED procedure in SAS version 9.2 (SAS Institute, Cary, North Carolina), with Wald 95% confidence intervals (CIs) calculated for log IUPM (infectious units per million) and then back-transformed to the IUPM scale. For cases with no positive co-cultures, the estimated IUPM was zero and an upper 95% confidence bound was calculated as 3/(total number of cells tested) [31] . We modeled the effect of the postdisulfiram time point (vs predisulfiram) on log IUPM across all participants, using the primary data from each co-culture of whether it was positive or negative and how many cells it contained. This model was fit by maximum likelihood in the NLMIXED procedure in SAS, and included parameters for each participant's baseline log IUPM to account for the matched pre-post nature of the data within individuals. Additional models allowed the postdisulfiram effect to differ for those who ever had a detectable disulfiram level compared to those who did not. The software provided Wald P values and 95% CIs. We back-transformed estimates and CIs to fold-effects on IUPM. We performed sensitivity analyses by excluding particular wells that had probability <.001 given the estimated IUPM. We modeled residual viremia measured by SCA using negative binomial regression, with a random intercept to account Figure 1 . Timing of trial events. After enrollment, participants underwent several baseline measurements of residual viremia using a highly sensitive quantitative real-time reverse transcriptase polymerase chain reaction assay (the single-copy assay). Five hundred milligrams of disulfiram was administered daily from day 0 to day 13. A 180-mL blood sample was obtained at day -14 and again on day 84 to estimate the frequency of latently infected cells in peripheral blood using a limiting dilution co-culture method. Safety laboratory tests including a complete blood count and metabolic panel were drawn weekly before, during, and 2 weeks after disulfiram administration, and monthly thereafter. Abbreviation: DSF, disulfiram.
for within-person correlation, again using the SAS NL mixed procedure. To prevent very large values from dominating the analyses, we set SCA values >56 to equal 56, which was the 97th percentile of all observed values. We initially fit a model with one parameter for how viremia during disulfiram administration differed from the baseline period and one parameter for how it differed postdisulfiram compared to baseline. We then fit models that examined a number of possible refinements: allowing viremia 2 hours after the first dose (measured at JHH) to differ from viremia at other times during disulfiram administration; allowing viremia during and after administration to differ depending on whether disulfiram was ever detected in any the patient's blood specimens; and allowing viremia during administration to be influenced by the concurrently measured blood level of disulfiram. We chose the primary model for presentation as the simplest one for which all further refinements had a P value >.05.
RESULTS
Study Participants and Safety Outcomes
We enrolled 16 participants (11 at JHH, 5 at UCSF; Table 1 Disulfiram was safe and well tolerated in all participants. Observed adverse events during the study were consistent with grades I and II toxicity. One participant had a single detectable viral load measured by a standard commercial assay (620 copies/mL) at a postdisulfiram time point that returned to an undetectable level (<50 copies/mL) at next study visit and remained undetectable for the trial duration. All other participants maintained undetectable viral loads as measured by commercial viral load assays throughout the trial. No substantial changes in CD4 + T-cell count or percentage were observed in any participant for the duration of the trial.
Effect of Disulfiram Administration on the Frequency of Latently Infected Cells
The size of the latent reservoir from each participant was measured by limiting dilution co-culture assay [30] 2 weeks before and 10 weeks after disulfiram administration ( Figure 2 ). There was little change in the geometric mean frequency of latently infected cells 10 weeks after disulfiram administration compared to baseline (postdisulfiram fold-effect = 1.16; 95% CI, .70-1.92; P = .56). A majority of participants had a latent reservoir size within the previously described dynamic range of this assay [8] .
Effect of Disulfiram Administration and Disulfiram Plasma Concentration on Residual Viremia
Residual viremia was measured by SCA in plasma samples obtained at enrollment, days -14, -7, 0, 2, 4, 7, 9, 11, 14, 16, and 18, and at weeks 3, 4, 8, and 12. Individual plasma virus and disulfiram concentrations through week 4 are shown in Figure 3 . Our initial model estimated that residual viremia averaged 1.53-fold higher during disulfiram administration than during the predisulfiram baseline period (95% CI, .88-to 2.69-fold; P = .13) and averaged 1.93-fold higher postdisulfiram than baseline (95% CI, 1.04-to 3.57-fold; P = .039). Participants at JHH (n = 10) received disulfiram 2 hours prior to plasma sampling at each visit. We observed an increase in residual viremia after the first dose of disulfiram (day 0) in several participants. Residual viremia on day 0 was estimated to average 3.81-fold higher than the predisulfiram baseline (95% CI, 1.43-to 10.18-fold; P = .01). Average residual viremia for the remainder of the disulfiram dosing interval did not differ significantly from baseline (1.30-fold increase; 95% CI, .74-to 2.27-fold; P = .33). Table 2 shows our model, which takes into account these early increases in viremia.
Subject-to-Subject Variability in Disulfiram Exposure
We measured plasma levels of disulfiram by mass spectrometry. There was substantial and unexplained variability in disulfiram concentrations that did not appear to be predicted by treatment regimen (Figure 2) . Six of 15 subjects had detectable plasma disulfiram concentrations at some point during the 2-week dosing interval (subjects 7153, 7154, 7155, 7156, 2006, 3037 shown in Figure 3 ; lower limit of detection 15 ng/mL). There was a nonsignificant trend suggesting higher average viremia in these 6 subjects compared to those in whom disulfiram concentrations were not detected (estimated difference, 0.47-fold; 95% CI, .20-to 1.10-fold, P = .077). Comparing postdisulfiram average viremia to the predisulfiram baseline showed an estimated 2.96-fold increase over baseline among these 6 subjects (95% CI, 1.29-to 6.81-fold; P = .01) compared to those without detectable disulfiram (1.39-fold; 95% CI, .69-to 2.79-fold; P = .33; difference detected vs not detected, 2.13-fold; 95% CI, .85-to 5.4-fold; P = .10).
DISCUSSION
We conducted a pilot clinical trial in which we administered the FDA-approved drug disulfiram for 14 days to HIV-1-infected individuals on ART to evaluate the safety and efficacy of this intervention as a means to perturb the HIV-1 latent reservoir. Disulfiram was well tolerated by all participants. The size of the latent reservoir, measured by a well-validated in vitro viral outgrowth assay, [30] did not decrease after the intervention. We observed only a small and not statistically significant average change in residual viremia during disulfiram treatment compared to baseline. In a post hoc analysis limited to 10 subjects with frequent sampling, we observed an unexpected rapid and transient increase in plasma viremia. Disulfiram exposure varied substantially among subjects.
There is much interest in understanding the kinetics of the later stages of viral replication, including proviral gene transcription, translation, viral budding, and release in resting CD4 + T cells. A recently published study in which a single dose of the histone deacetylase inhibitor (HDACi) vorinostat was administered to 8 HIV-1-infected patients with viral suppression estimated a mean 4.8-fold increase in cell-associated HIV-1 RNA within 4-7 hours of drug administration [32] . Similar data have been presented by Lewin and colleagues with vorinostat [33] . Levin and Tolstrup recently reported rapid increases in plasma viremia after exposure to the HDACi panobinostat in an ongoing phase 1/2 clinical trial (NCT01680094) [34] . In an in vitro study assessing the impact of various antilatency drugs on the kinetics of HIV-1 RNA production, the impact of disulfiram was more rapid and transient than vorinostat [35] , an observation consistent with the data presented here. Disulfiram appeared to have no effect on the size of the latent reservoir as measured by quantitative in vitro viral outgrowth. The mechanism of action of disulfiram in inducing proviral transcription is not currently understood. Disulfiram may induce HIV-1 transcription by activating the Akt signaling pathway, as has been recently described in cell line models of HIV-1 latency [28] . Alternatively, it is possible that even potent and sustained reversal of latency may not affect the reservoir in a durable manner. One important tenet of the "shock and kill" HIV-1 eradication strategy that makes use of latency-reversing agents targeting the reservoir is that virus-producing cells will be cleared by the immune system or will be eliminated by viral cytopathic effects following viral reactivation. However, it appears that reversing latency without T-cell activation may not be sufficient to kill latently infected CD4 + T cells [36] . The study presented here suggests that "shock and kill" strategies with drugs such as disulfiram will likely require another step to prime the immune system to clear virus-producing resting memory CD4 + T cells.
The pharmacokinetics and pharmacodynamics of disulfiram appear to be highly variable among subjects. Up to 50% will not have a disulfiram-ethanol reaction with a 250-mg dose [37] . For some individuals, doses of 500 mg are insufficient to instigate this reaction [37] . A formal study of the elimination kinetics of disulfiram found marked intersubject variability in plasma levels of disulfiram and its metabolites [25] . A Figure 3 . Individual single-copy assay and disulfiram (DSF) plasma concentration results. The gray bar (between days 0 and 13) represents the period of directly observed DSF administration. Half of Johns Hopkins Hospital participants (numbers 7151-7161) had an increase in viremia within several hours of the first DSF dose, but viremia during DSF administration after that time averaged only slightly higher than baseline and was not statistically significant. Six of 15 participants had detectable DSF plasma concentrations during the dosing interval. The lower limit of detection of DSF plasma concentrations using mass spectrometry was 15 ng/mL. separate study identified a 600-fold variation in disulfiram plasma concentrations among subjects [38] . The mechanism for this variability remains unknown. Using highly sensitive mass spectrometry, we also found substantial subject-to-subject variability in drug exposure, and could detect plasma disulfiram concentrations in only 6 of 15 participants. These measurements take into account only the parent compound; mass spectrometry assays for downstream metabolites may illuminate intersubject disulfiram pharmacokinetics and are in development for future studies. These participants had a significant "post-drug" increase in low-level viremia that was sustained over the 2 months following the disulfiram dosing interval, and also demonstrated a nonsignificant trend toward decrease in the size of the latent reservoir, suggesting that higher exposures to the drug in vivo may have more pronounced and prolonged effects on HIV-1 production. In summary, this trial attempted to safely translate in vitro discoveries affecting the latent reservoir into initial in vivo analysis. Disulfiram was safe and well tolerated, but did not appear to significantly perturb the latent reservoir. The apparent exposure-response effect observed in this study highlights significant intersubject variability in disulfiram pharmacokinetics and suggest that higher doses of disulfiram might be more effective. It is also possible that combining disulfiram with other latencyreversing agents will have a more pronounced effect on the reservoir, and the favorable safety profile of disulfiram provides support for such combination approaches.
Notes
